Here, single-cell RNA sequencing reveals interactions between the retinoid metabolism pathway and 'regional reprogramming' of distal small intestinal epithelium to a proximal identity following proximal small bowel resection. This provides novel insight into physiological adaptation to short gut syndrome.
Background
The small intestine (SI) absorbs nutrients necessary to sustain life, and displays regional specialization for absorption of specific nutrients along its cephalocaudal axis from duodenum to jejunum to ileum. The majority of nutrient absorption occurs in the duodenum and jejunum, while the ileum is primarily responsible for absorbing bile, Vitamin B12, and fat-soluble vitamins. The ileum is also more prone to inflammatory disorders relative to proximal intestine, owing in part to higher bacterial load.
A variety of diseases require surgical resection of significant lengths of SI. These range from congenital anomalies and necrotizing enterocolitis in children to trauma, embolism, and malignancy in adults. The resulting loss of SI can cause short gut syndrome (SGS), or the inability of the SI to completely support the metabolic demands of a patient. Management options for SGS are limited, comprising parenteral nutrition (PN), intestinal lengthening procedures, and ultimately small bowel transplant, all incurring significant morbidity and mortality 1, 2 .
Our murine model of SGS is based on small bowel resection (SBR), where 50% of the proximal SI is surgically removed 3 . Sham surgery consists of transection and anastomosis, without removal of SI, and acts as a control for exposure to anesthesia, laparotomy, and intestinal transection.
This model elicits villus lengthening in the remnant ileum of SBR but not sham mice, 3 yielding increased mucosal absorptive surface area to compensate for lost tissue. Importantly, the degree of this "structural adaptation" response correlates with "functional adaptation," as evidenced by increased oral tolerance and weight gain in mice. This model is relevant to clinical SGS, as structural adaptation correlates with oral tolerance and weaning from PN observed in human patients 4 . At the same time, structural adaptation does not intrinsically predict functional adaptation, as perturbed weight gain and steatorrhea affect mice deficient in CXCL5 after SBR, despite normal structural adaptation 5 . This leads us to conclude that additional factors beyond simple tissue hyperplasia are at play, which are likely underscored by molecular changes at the single-cell level.
While structural and, to a lesser extent, functional adaptation following SBR have been characterized, relatively little is understood about the molecular changes that accompany the adaptation process. In this respect, mRNA-and protein-level expression analyses offer crucial insight, as clinically appreciable adaptation may require that cells assume molecular identities mimicking those of the resected region. Studies of adaptation at the structural and functional level lack the resolution to explore this possibility. Here, in the case of proximal SBR, we hypothesize that remnant ileum (distal SI) upregulates gene and protein expression patterns characteristic of the jejunum (proximal SI) at the single-cell level, a process we term "regional reprogramming".
Clinical therapies to induce regional reprogramming could enhance an SGS patient's ability to tolerate oral intake and wean from PN by augmenting the innate functionality of epithelial cells. It is possible this approach may actually be more effective than the previous "holy grail" of SGS research, which has primarily focused on inducing structural adaptation. Enhanced structural adaptation is intrinsically more metabolically demanding (tissue growth) and may or may not affect the key absorptive, metabolic, and immunological pathways specifically deficient in a SGS patient.
To test our hypothesis and address gaps in our understanding of adaptation to SGS, we employed high-throughput single-cell RNA sequencing (scRNA-seq) to characterize gene expression changes of distal SI epithelium during adaptation following massive proximal SBR. This allowed us to dissect population heterogeneity within the epithelium, and to characterize the regionalization pathways critical in the adaptive response. Here, we show that following SBR, the SI epithelium 'regionally reprograms' toward mature proximal enterocyte identity, accompanied by increased proximal SI nutrient processing gene expression. These changes are punctuated by the increased expression of the proximal SI transcription factor, Creb3l3, a key candidate for reprogramming distal SI gene regulatory networks to a more proximal identity. Analysis of upstream pathways suggests a role for retinoic acid (RA) signaling in driving the adaptation response. Together, our single-cell analyses have enabled high-resolution characterization of the molecular changes and regional reprogramming that underlie adaptation.
Results:
Cellular heterogeneity of the small intestinal epithelium is captured by scRNA-seq Structural adaptation reliably occurs by day 7 after SBR. As such, at day 7 after sham or SBR surgery, typical SBR structural adaptation was confirmed, with villi height increasing by 86.19 ± 19.14 µm (p < 0.01) relative to sham (Figure 1a ). Epithelial cells were harvested from SI in an area equidistant from the anastomosis, dissociated into single cells, and processed via highthroughput droplet-based scRNA-seq using the 10x Genomics platform 6 . In total, we sequenced To cluster and visualize cells based on their transcriptional similarity, we used the R package, Seurat 7, 8 , and Uniform Manifold Approximation and Projection (UMAP) 9 . UMAP analysis and plotting revealed 16 clusters of transcriptionally distinct cell types/states (Figure 1c) , where clustering was not driven by numbers of detected genes or transcripts (not shown). Scoring and projection of cell cycle state onto the UMAP plot revealed clustering of cells in S and G1 phases, corresponding to stem cells and transit amplifying (TA) cells (Figure 1d ; and below). Gene expression between equivalent biological replicates was highly correlated, demonstrating a high degree of consistency between the independent biological replicates (Figure 1e) . Furthermore, cells from every cluster were represented in each biological replicate, demonstrating consistency of cell capture (Figure 1f ).
To assign cell identity to each cluster in an unsupervised manner, we used a computational method based on quadratic programming (QP) 10 , and our hypothesis that cell identity is reprogrammed during adaptation, QP represents an appropriate method for quantifying any changes in cell identity that accompany SBR.
Cell identity scores generated by QP were projected onto the UMAP plot, enabling cell cluster identity to be annotated (Figure 2a) . This confirmed that all major cell types of the SI epithelium, as above, were captured by our single-cell analysis, including low numbers of tuft cells and enteroendocrine cells (0.3% and 0.03%, respectively, as a proportion of all captured cells).
Projection of all identity scores onto the UMAP plot demonstrated this clustering and visualization method does indeed retain both local and global information, capturing the differentiation trajectory from stem cells to mature enterocytes (Figure 2b ). Further examination of these clusters revealed that expression of the proliferation marker Mki67 is enriched in stem, TA, and progenitor cells, and is downregulated as cells begin to differentiate. Conversely, expression of mature enterocyte marker alkaline phosphatase (Alpi) increases in concert with differentiation/maturation, with highest expression colocalizing in areas identified by QP as mature enterocytes (Figure 2c) . Furthermore, based on this differentiation trajectory, we posited the most terminal cluster on the UMAP plot would be enriched for markers specific to villus tip cells, such as adenosine deaminase (Ada) 13 , which we confirmed (Figure 2c) . Finally, one population (cluster 15) did not receive a definitive QP score for any of the reported SI epithelial lineages 11 .
This cluster is enriched for intraepithelial lymphocyte (IEL) marker expression, including Cd45 (Figure 2c ), suggesting these cells represent IELs captured alongside the SI epithelium.
In summary, our single-cell analyses identified all major SI epithelial cell populations, again demonstrating the strength of our unsupervised QP cell classification approach in concert with UMAP visualization to identify cells differentiating along a defined trajectory. Together, this provides a comprehensive picture of SI epithelial heterogeneity, under both sham and SBR conditions.
Quantification of SI epithelial cell composition changes following SBR reveals 'regional reprogramming' toward mature proximal enterocyte identity
Changes in cell type composition of the SI epithelium accompany adaptation. However, reports on the precise nature of these changes have been conflicting, with studies describing a relative expansion of either enterocytes or secretory lineages following SBR [14] [15] [16] [17] [18] . Discrepancies between these studies may arise due to differences in resection location, amount, the use of differing animal models, and experiment conditions or durations. Furthermore, these previous studies were limited by a lack of resolution to assess cell identity in an unbiased manner. Here, we use our unbiased single-cell resolution classification of cell identity to precisely quantify changes in epithelial composition following SBR. We assessed the distribution of sham-vs SBR-derived cells by projecting the densities onto the UMAP plot (Figure 3a) . (Figure 3b) . In contrast, in SBR samples we found a significant increase in the percentage of cells receiving high mature proximal enterocyte scores (11.7% ± 4.1%, p<0.05), (Fig. 3b) . This shift toward mature proximal enterocyte identity in SBR suggests a transcriptional "proximalization," or regional reprogramming, of ileum in response to proximal SI resection.
Regional reprogramming of distal SI after SBR is accompanied by increased proximal SI nutrient processing gene expression
From our above analyses, changes in SI epithelial composition following SBR center primarily on a shift toward mature proximal enterocyte identities, suggesting these changes are a key driver of the adaptive response. Thus, we next focused on characterizing the transcriptional changes underlying the shift toward mature proximal enterocyte identity in SBR.
To identify significant transcriptional changes after SBR, we performed differential gene expression analysis, identifying 174 differentially expressed genes between all sham and SBR cells. The 10 most significantly expressed genes in SBR, relative to sham, are shown in Table 1 .
This list of SBR-associated transcripts is enriched for signature genes of proximal SI nutrient processing function, including apolipoprotein A-IV (Apoa4), fatty acid binding protein 1 (Fabp1), apolipoprotein C-III (Apoc3), lactase (Lct), and epoxide hydrolase 2 (Ephx2) 11, 20 (Figure 4a ). In contrast, distal SI transcript fatty acid binding protein 6 (Fabp6) 11 was significantly depleted in SBR (0.62 average log fold change depleted, p<0.001) (Fig. 4a) . Increased Apoa4 and Rbp2 expression following SBR has been previously described [21] [22] [23] .
Contrary to our findings, one of these studies reported no significant changes in ileal Fabp1 mRNA expression. However, this study examined whole tissue preparations, rather than epithelium at single-cell resolution 23 . (Fig. 5c) . Western blotting and quantification of APOC3 showed a 1.92 fold increase in SBR compared to sham (p<0.05), and qPCR confirmed up-regulation of Rbp2 and Ephx2 (Figure 5d ).
Sepp1 upregulation during adaptation to SBR is a novel finding, warranting further investigation.
SEPP1 is a secreted glycoprotein with important immunomodulatory and antioxidant effects in the intestine [24] [25] [26] . Together, these orthogonal validations confirm our scRNA-seq results, demonstrating that gene expression programs to support proximal SI nutrient processing, and to counteract the associated oxidative stress, are engaged following SBR. These mRNA-and protein-level changes underlie the regional reprogramming to mature proximal identity we observe in SBR.
Proximal SI transcription factor Creb3l3 shows stable upregulation accompanied by expanded villus axis zonation in SBR mice
We next aimed to identify candidate transcription factors responsible for driving the observed regional reprogramming and shift toward a mature proximal nutrient processing profile following 
11
, another group reported highest Klf4 expression in duodenum and jejunum 30 , and described that Klf4 plays a role in the maturation of intestinal stem cells, as well as in the differentiation of absorptive lineages, such as enterocytes 30 .
It is worth noting the possibility that a wider variety of proximal transcription factors were upregulated immediately after surgery and stabilized to baseline by day 7, when structural adaptation was complete. However, since these were the only previously identified 11 regional enterocyte transcription factors significantly differentially expressed in SBR at day 7, we focused our analysis on these factors as putative drivers of stable regional reprogramming.
First, we sought to determine whether proximal SI transcription factor Creb3l3 expression was transiently upregulated in SBR, or whether it was critical to maintaining a long-term adaptive response. Since Creb3l3 regulates lipid metabolism, and the increased demand for ileal lipid absorption should persist indefinitely after SBR, we expected its expression to remain elevated. (Fig. 6d) . Together, these results led us to conclude that stereotypical villus axis zonation patterns are at least partially abrogated during adaptive challenge, likely underscoring the expanded mature enterocyte population in SBR.
Interactome analysis indicates regional reprogramming is driven by Retinoic Acid (RA) signaling
Although Creb3l3 was elevated at day 7 and sustained through day 70 after SBR-suggesting a continued role in maintaining adaptation-no significant differences in Creb3l3 expression were observed at day 3 post-surgery (Figure 6e ). This suggested that inductive upstream signaling at earlier stages of adaptation may be critical to driving proximalization, which is subsequently mediated and sustained by Creb3l3. To investigate this, we generated in silico interactomes from single-cell gene expression profiles of all analyzed sham and SBR cells to determine which differentially expressed genes were most strongly co-expressed, thereby inferring gene-gene relationships and pathways (Figure 6f) . This approach identified a network of interacting genes induced by SBR, including Sepp1, Apoa1, Fabp2, and Rbp2, the upregulated expression of which we confirmed above (Figures 4 & 5) . We used a total of 59 genes from the SBR interactome to perform gene list functional enrichment analysis (5 genes from the interactome were excluded from analysis as they were absent from the database) 31 . This analysis generated a list of pathways, including "Lipid digestion, mobilization, and transport" (p=2.290E-11) and "Digestion of dietary carbohydrate" (p=2.857E-8), in addition to "PPAR Signaling Pathway" (p=3.933E-7), and "Retinoid metabolism and transport" (p=1.935E-8).
In the context of this study, retinoid metabolism was of particular interest since it has been shown to play a key role in structural adaptation 21-23, 32, 33 . Retinoids are derived from vitamin A, which must be obtained from the diet 34 , and are mostly absorbed in proximal SI 35 . Retinoic acid (RA) is the intracellularly bioactive hydrolysis derivative of vitamin A, and it interacts with retinoid X receptor (RXR) and retinoic acid receptor (RAR) heterodimers, which bind to retinoic acid response elements (RAREs) within the nucleus, to drive effects 36 . Notably, mice deficient in dietary Vitamin A do not adapt after SBR, and it was observed that RA drives adaptation in part via regulation of enterocyte proliferation, migration, and apoptosis 32, 33 . However, relatively little detail on the molecular changes induced by RA has been revealed so far.
To investigate how RA induces the transcriptional changes accompanying SBR, we mined our dataset for genes differentially expressed between sham and SBR treatments which were either putative targets of RA signaling based on the literature (Table 2) , or contain a predicted RARE as determined by FIMO Motif Search 37 ( Table 3) . As a result, we found 45 genes differentially expressed between sham and SBR that likely respond to RA signaling ( Table 2) . Several of these genes including Plb1 (phospholipase B1), Rbp2 (retinol binding protein 2), Apoa1 (apolipoprotein A1), Apoa4 (apolipoprotein A4), Apob (apolipoprotein B), and Apoc3 (apolipoprotein C3) (highlighted in red in Fig 6f) , are active in retinoid metabolism and transport, four of which were are also found in our list of the top 10 most differentially expressed genes in SBR (Table 1) .
Importantly, Rbp2 (1.1 log fold change enriched, p<0.001) is preferentially induced by RA in differentiated cells 38 , such as the expanding enterocyte population we observe after SBR.
Furthermore, motif analysis indicated that Creb3l3, our main proximal transcription factor, contains a RARE and can be activated by RXRα based on ENCODE transcription factor targets (Table 3) . Klf4, an additional transcription factor identified in our dataset, is also influenced by RA signaling through RARα 39 ( Table 2) . Together, these findings confirm that RA signaling is induced in cells responding to SBR, placing these signals upstream of the key transcriptional changes we observe, supporting a crucial role for RA signaling in adaptation.
The results presented here so far, together with previous findings, support a model in which RA signaling induces expression of proximal SI transcriptional programs, mediated by Creb3l3 and possibly Klf4, to drive regional reprogramming as an adaptive response. As RA is a hydrolysis derivative of vitamin A, we next investigated potential RA signaling sources, and did not find differential expression of RA biogenesis genes between sham and SBR populations. This would suggest SBR epithelium does not upregulate RA biogenesis genes to increase RA signaling but, rather, may be responding to increased vitamin A exposure after SBR. This is consistent with a prior report showing epithelial RA production is dependent on substrate concentration, implicating an "active saturable enzymatic conversion process" 40 . It is also consistent with a previous study which demonstrated decreasing concentrations of vitamin A derivatives from proximal to distal SI tissue, suggesting that a gradient of bioavailability may impact the regional effects of these compounds within the SI 41 . Based on these observations, we propose a simple model, where after SBR, the ileum becomes exposed to dietary stimuli, including vitamin A, which previously would have been processed in the resected, more proximal, SI. We thus hypothesize that SBR disrupts the endogenous RA gradient of the small intestine, thereby promoting RARE-mediated transcription in ileal enterocytes due to novel exposure to RA. , we demonstrate that enterocyte-level alterations in transcriptional profiles occurs after SBR, in order to mimic proximal SI function. These findings highlight the significant contribution that single-cell analysis makes toward our understanding of organ pathophysiology.
While investigating causative signaling mechanisms driving these changes, we identified upregulation of two transcription factors associated with proximal SI: Creb3l3 and Klf4.
Furthermore, upstream analysis reiterated the importance of retinoid metabolism to the adaptation response, and the depth of our analysis allowed identification of previously undescribed transcriptional changes likely mediated by RA after SBR, including Creb3l3 and Klf4. We, therefore, conclude that a critical component of the adaptation response to massive proximal SBR is transcriptomic "proximalization" of distal SI enterocytes, and that this is driven at least in part by RA signaling which is upstream of "proximalization" transcription factors and signaling cascades.
RA is derived entirely from the diet. Following proximal SBR, the ileum becomes exposed to nutrients in the luminal content which would otherwise have been largely absorbed more proximally, including Vitamin A
35
. A series of studies utilizing an ileostomy model of SGS in mice and zebrafish have shown the critical effects of mechanoluminal flow on the structural adaptation process after SBR, including loss of structural adaptation and cellular proliferation in the distal bowel when isolated from the flow of luminal contents 67, 68 . The importance of luminal nutrition or enteral feeding has also been highlighted by other groups 69, 70 . As such, exposure to increased levels of dietary Vitamin A is a likely mechanism driving structural adaptation, consistent with prior reports 24-26, 33, 3 . In the current study, we have identified novel regulatory networks and transcriptional changes downstream of RA signaling, which likely drive regional reprogramming as well.
In addition to Vitamin A, the ileum also becomes exposed to higher levels of dietary fatty acids after SBR, and this likely constitutes an additional driving force for adaptation. In line with this, our lab has previously demonstrated that a high-fat diet enhances villus growth following SBR, but not sham surgery, though enhanced structural adaptation did not correlate with enhanced functional adaptation (weight gain), despite increases in fatty acid transporters such as CD36 71 .
At the same time, this study did not examine the transcripts found to be most significant in the current dataset ( . Given these findings, we suspect that either 1) PPAR signaling is important to SBR adaptation, but was not captured in our analysis temporally, or 2) minimal to no transcriptional change in these specific genes is needed to drive a significant biological effect.
Finally, another key finding from this study was the abrogation of villus zonation patterns during adaptive challenge, with the expansion of villus tip transcript Creb3l3 and ADA along the lengths of villi. The upper villus is typically responsible for fatty acid absorption, which is less metabolically demanding, and so preferential fat absorption/chylomicron secretion at the upper villus parallels the decreased bioavailability of oxygen in this area 13 . Indeed, we have previously demonstrated that adaptation to SBR is associated with relative hypoxia 79 , and so the metabolic incentive to prioritize fatty acid absorption is at least two-fold after SBR: starvation and relative hypoxia.
Mechanisms underlying redistribution of villus zonation during physiologic challenge warrant further investigation.
In summary, our analysis has revealed a significant shift in metabolic machinery and regional identity at the enterocyte level following SBR. Moving forward, additional studies are warranted to better delineate causal factors driving changes between sham and SBR enterocytes, in conjunction with or independent of RA signaling. This is especially true considering prior studies that demonstrated proliferative and morphometric effects of circulating factors on structural "jejunalization" of ileum following SBR 80, 81 , which implicates non-luminal stimuli in driving structural adaptation. Similar studies exploring molecular changes in response to circulating factors would provide further insight. Discerning the stimuli for functional proximalization of ileum following SBR will prove critical, as it will provide insight toward targeted therapeutic approaches, via the enteral or parenteral route, for patients suffering from SGS. Targeted therapeutic approaches combining aspects of adaptation from a structural and molecular avenue could induce heightened adaptive responses, yielding better patient outcomes.
Conclusions
Here, we have characterized the transcriptome of adapted intestinal epithelium at the single-cell level following massive SBR, a laboratory model for SGS, using scRNA-seq. Our analysis Tissue isolation and processing: At day 7 after surgery, epithelium was isolated from a 1cm segment of SI 3cm distal to the anastomosis, similar to previously published protocols 82, 83 . Briefly, the SI was flushed with ice cold sterile saline, filleted lengthwise, and placed in a conical tube containing ice cold 30 mM EDTA in phosphate buffered saline (PBS). After 15 minutes on ice without agitation, the SI segment was transferred to a fresh conical tube containing 30 mM EDTA in PBS, briefly shaken, and placed in a 37°C water bath for 15 min. Subsequently, the tube was shaken aggressively by hand for 2 minutes. Sub-epithelial tissue floated to the top and was removed, and epithelium was pelleted by centrifugation. Epithelium was then re-suspended in a 0.3U/ml dispase solution (07923, Stem Cell Technologies; Cambridge, MA) and incubated at 37°C for 15 min, shaking every 2 minutes. The solution was then quenched with media containing fetal bovine serum to a final concentration of 5%, pipetted several times, and sequentially passed through 100, 70, and 40µm filters. Single-cell suspensions were confirmed by microscopy, pelleted by centrifugation, and resuspended in 200 µl ice cold PBS. 800 µl ice cold 100% methanol was then added, dropwise, with gentle mixing between drops. Samples were immediately stored in 80% methanol in PBS at -80°C, according to Alles et al. 2017 84 , for later processing. For
Western Blotting analysis, whole epithelium was isolated using 30 mM EDTA, pelleted by centrifugation, and lysed in sodium dodecyl sulfate sample buffer (50 mmol/L Tris-HCL, pH 6.8, 2% sodium dodecyl sulfate, 10% glycerol, and 5% 2-mercaptoethanol). Lysate was heated to 100°C and stored at -20°C prior to processing. Protein concentration was measured using the RC DC (reducing agent and detergent compatible) Protein Assay Kit II (5000122, Bio-Rad; Hercules, CA). For qPCR experiments, RNA was isolated from homogenized whole SI using the standard Trizol method. RNA concentration was measured using a NanoDrop Spectrophotometer (ND-1000, NanoDrop Technologies; Wilmington, DE). 1µg RNA was converted to cDNA using qScript ). The R Package, QuadProg, was used for QP to generate cell identity scores, modifying our earlier approach by modeling cell type classification as a multivariate linear regression, solved for fractional cell types or identities.
This approach enables cell identities to be categorized. In addition, it enables more subtle changes in cell identity to be quantified.
Immunohistochemistry:
Ileal tissue adjacent to the region collected for single-cell preparation was fixed in 10% neutral buffered formalin, paraffin embedded, and sectioned at a thickness of 5
µm. Deparaffinization and immunolocalization were performed as previously described 85 . Briefly, slides were deparaffinized in xylene, rehydrated in sequential ethanol baths, and prepared in 3%
hydrogen peroxide in methanol. Antigen retrieval was performed using 1x Diva Decloaking 
RNA fluorescent in situ hybridization (RNA-FISH):
Tissues were fixed and sectioned as previously described in methods for immunohistochemistry and immunofluorescence, above. . Binarized nuclei images were processed by the watershed segmentation method to completely separate individual objects. The images were subjected to 2-step quality check: filtering of objects and filtering of images. First, inappropriately-sized objects were filtered to remove noise and cell multiplets. Then, images with a large number of inappropriate objects were removed. The intensity of the fluorescent signal per individual cell area was then quantified.
Fluorescent signals per image were averaged to obtain mean signals per sample and treatment. 
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